Hematite (a-Fe 2 O 3 ) is an intensively studied photoanode material for water oxidation due to its suitable bandgap (2.1 eV), abundance, environmental compatibility, and stability under photoelectrochemical (PEC) conditions in various neutral and alkaline electrolytes. [1] [2] [3] [4] [5] [6] [7] [8] Intense current research efforts have been aimed at optimizing PEC performance by controlling the hematite structure, morphology, and surface chemistry and understanding fundamental charge carrier dynamics. 2, 3, 7, 9, 10 Despite these efforts, little is known about the spectral signatures and dynamics of photogenerated electrons and holes in these electrodes under water oxidation conditions. 11 An early study by radiolysis showed that reduced hematite colloidal particles have a broad absorption band above 500 nm due to the conduction band or trapped electrons. 12 Using this assignment, transient absorption (TA) spectroscopic studies have reported shortlived (<100 picoseconds) photocarriers in these materials. [13] [14] [15] [16] [17] [18] [19] [20] In contrast to these earlier findings, more recent studies have identified a long-lived (>microseconds) absorption band at 580 nm due to photogenerated holes 21, 22 in nanoporous hematite films with reported high incident-photon-to-electron-conversion-efficiency (IPCE).
one nanosecond or longer than microseconds) and spectral ranges of these previous studies. In this communication, we report a TA study on hematite electrodes under water oxidation conditions with broadband spectral (visible to mid-IR) and temporal (femto-to micro-seconds) ranges. In conjunction with spectral-electrochemical and absorbed photon-to-electron conversion efficiency (APCE) measurements, these in situ TA studies provide clear spectral assignment of photogenerated electrons and holes, reveal their dynamics, and show that ultrafast electron-hole recombination is the main efficiency limiting factor under our experimental conditions. Fig. 1 shows the UV-Vis absorption spectrum of a 30 nm hematite thin film grown by atomic layer deposition on a fluorine-doped tin oxide (FTO) coated glass (MTI, TCO 15) . The absorption features result from the ligand field d-d and the direct O2p / Fe4s (>3.5 eV) transitions. [24] [25] [26] [27] Also shown in Fig. 1 is the IPCE spectrum measured using a solar simulator coupled with a monochromator (Oriel cornerstone 260) at 1.43 V (vs. reversible hydrogen electrode, RHE) in 1 M NaOH. An IPCE of 25% is obtained at $400 nm, comparable to the highest reported values. 23 The high IPCE of these films can be attributed to the small film thickness, which facilitates scavenging of holes by solution and collection of the photogenerated electrons.
28,29
The mismatch between the IPCE and absorption spectra is due to the difference between the short hole diffusion length (2-4 nm) 30 and the long photon penetration depth (from 120 to 46 nm for photon wavelengths from 550 to 450 nm).
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Transient absorption spectra of hematite films at 100 fs to 25 ms after 400 nm excitation were recorded. Details of the sub-picosecond and sub-nanosecond spectrometers used for the measurement can be found in the ESI. † TA spectra at selected delay time windows are shown in Fig. 2 and more spectra at other delay times can be found in Fig. S1 . † The TA spectra show an ultrafast bleach recovery below $525 nm and a decay of absorption bands above $550 nm within the first 30 ps. After 30 ps, the transient spectra consist of bleach bands at 425 and 525 nm, and absorption bands at 470, 515 and 570 nm. These features show negligible dependence on the applied bias or solvent environment (air, water, methanol, ethanol, NaOH aqueous solution). As shown in Fig. S1 and S2, † similar TA spectra are observed in thin films of different thickness grown by ALD, 28 nanoparticle films prepared by electrochemical deposition, 32,33 and colloidal particle suspensions, 34 indicating that these features originate from the intrinsic absorption of electrons and holes in these materials.
However, the relative amplitudes of the bands and the kinetics vary in these samples.
To assign the transient spectral signatures, we measured the UVVis absorption spectra under different biases in a three-electrode PEC cell. Bias dependent differential spectra were constructed by subtracting off the spectrum at open circuit ( Fig. S5 †) . The hematite films were stable under low bias, but degradation occurred when the bias was more negative than À1.1 V vs. Ag/AgCl. Selected difference spectra (0.43 V and À1 V vs. Ag/AgCl) together with the UV-Vis spectrum are scaled and compared to the TA spectra at 1 ns in Fig. 3 . The difference spectra at À1 V show a negative peak (bleach) at 400 nm, a positive band at $580 nm and a broad absorption feature at wavelength >600 nm. Under a negative bias, electrons accumulate on the hematite surface at the solid-liquid junction. The filling of these electrons in the originally empty levels can reduce the transition probability of these levels, which results in bleach of the ground state transitions in the difference spectrum. Therefore the bleach at 400 nm can be assigned to the state filling induced bleach of the ground state absorption band. In addition, the excess electrons in the accumulation layer lead to new optical absorption features at 580 nm and 2 Transient absorption spectra of a hematite thin film (30 nm) after 400 nm excitation. The film is exposed to air. Each spectrum is an average of 30-130 spectra at different delay times within the indicated time windows. The spectra after 1 ns were recorded with a spectrometer with a broader probe light. See Fig. S1 † for more detailed spectra. Fig. 3 Comparison of transient absorption (TA) spectrum (black solid line), differential static absorption spectra at À1.00 (red dashed-dotted line) and 0.43 V (blue short dashed line, vs. Ag/AgCl in 1 M NaOH), and steady-state UV-Vis absorption spectrum (pink thin solid line, inverted) of hematite thin films. The TA spectrum is taken at 1 ns after 400 nm excitation of a film exposed to the air. These spectra have been scaled for better comparison.
longer wavelengths, consistent with the broad absorption observed in reduced hematite particles generated by radiolysis.
12 Both bleach and the absorption features become smaller as the applied bias becomes less negative. When the bias is $0.15 V vs. Ag/AgCl, new absorption features, particularly, a sharp band at $570 nm, are formed. As shown in Fig. 3 , this absorption feature is in good agreement with the TA peak at 570 nm. Under positive bias, the electron occupancy in or near the valence band is reduced, a condition that is similar to the photogeneration of holes. Therefore the feature at 570 nm can be assigned to the absorption of holes in the hematite. This is consistent with a reported long-lived (ms-to-ms) hole absorption band at $580 nm in nanoporous hematite films, whose lifetime was shown to decrease dramatically with the addition of a hole scavenger and to increase in the presence of water oxidation catalyst or under positive biases.
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Photoinduced separation of electrons and holes can generate a transient electric field in the material, which modulates the energy of ground and excited states, resulting in changes in its absorption spectrum. [36] [37] [38] To examine this effect, we have also performed a steady-state Stark effect measurement, in which the spectral change resulting from an applied external electric field is recorded. In our system, assuming a perfect distribution of the photocarriers in a parallel-plate capacitor (Fig. S6 †) , the maximum transient electric field is estimated to be $4.8 Â 10 7 V m À1 (see ESI †). The actual field strength is likely to be smaller due to random charge distribution and the short-hole diffusion length (2-4 nm). 30 The application of a DC field of 2.0 Â 10 7 V m À1 to the ALD sample leads to a spectral change of <0.2 mOD, which is over 50 times smaller than the TA signal at 1 ns ($10 mOD). Therefore, the transient Stark effect contributes negligibly to the observed TA signals. The transient kinetics monitored at different wavelengths are shown in Fig. 4 . These kinetic traces can be fitted by multiple exponential decay functions and the fitting parameters are shown in Table  S1 . † The signal at 675 nm, which is dominated by the absorption of electrons, decays by $88% within 10 ps, consistent with kinetics reported by Zhang et al. 11, 20, 39 A multiple exponential fit (Table S1 †) of the data yields a fast decay component with 0.2 ps time constant and 73% of the total amplitude. The kinetics at 570 nm, which is dominated by the absorption of holes, shows a smaller amplitude (55%) of a similarly fast decay component and much longer lived components. To further investigate the origin of the initial ultrafast decay component, we also probe the free carrier intra-subband transitions at 2000 cm À1 . 40 The kinetics (Fig. 4) is dominated by the ultrafast decay component (0.2 ps and 94%). If this fast decay is due to electron-hole recombination, one would expect the same kinetics at different wavelengths. The observed wavelength dependent kinetics suggests that the ultrafast decay component can be attributed to the trapping and cooling of free electrons, although some contribution due to charge recombination cannot be excluded.
Following the initial ultrafast process, the kinetics at 570 nm shows a slow component that exists beyond 6 ms, the longest delay time probed in this study. This is consistent with the long-lived (ms-to-ms) signal at $580 nm observed previously. 21, 35 Due to the slow water oxidation reaction, only these long-lived photocarriers are responsible for water splitting.
In order to correlate transient kinetics to the photoelectrochemical water oxidation performance, we simultaneously measured the in situ carrier dynamics and photocurrent in a PEC cell. The photocurrent results from the illumination of the 400 nm pump and the broadband white light probe used in the transient study. As shown in Fig. S7 and S8, † when the bias of the electrode is tuned from 0.90 to 1.43 V (vs. RHE), the photocurrent increases rapidly. This trend is similar to the I-V curve recorded using simulated AM 1.5 solar illumination, but the current amplitude is much smaller. 28 The averaged APCE is estimated to be 0.69% at 1.43 V (vs. RHE), much smaller than that shown in Fig. 1 and reported in the literature. 28 This difference can be attributed to the intense laser pulse used in this measurement. The estimated peak power density is 100 nJ/150 fs/(400 mm) 2 ¼ 10 11 mW cm À2 or 10 9 AM 1.5 suns. The pulse excitation generates large transient concentrations of electrons and holes, which enhance the charge recombination rate.
The transient kinetics at 570 nm monitored at different bias voltages are compared in Fig. 5 . Surprisingly, these hole kinetics show negligible change within this range of applied biases. The amplitude of the remaining hole signal at 6 ms is <2% of the initial value, consistent with the low APCE under these conditions. It is likely that the differences in the hole lifetime may appear after 6 ms. Indeed Durrant and co-workers 21, 22 reported a long-lived (ms-to-ms) absorption band at 580 nm that can be correlated with the photocatalytic performance of the cell. Furthermore, change of APCE from $0.01% at 0.90 V to 0.69% at 1.43 V corresponds to a long-lived hole amplitude of 0.001 and 0.069 mOD. The difference is likely smaller than the sensitivity of this measurement. Therefore, future measurements will require improved sensitivity and lower excitation power, as demonstrated in previous works. [21] [22] [23] This finding also highlights the challenges in correlating the IPCE performance with ultrafast transient absorption measurement.
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Conclusions
In conclusion, transient absorption spectra of hematite electrodes from the visible to the near IR and from femtoseconds to microseconds have been recorded. By comparison with the static absorption spectra of the films recorded under electron and hole accumulation conditions, the spectral signatures of electrons and holes in the TA spectra have been assigned. These spectral features are similar in hematite materials of different morphologies which are prepared by different methods, although the kinetics are different. Under pulse illumination conditions of TA spectroscopy, the measured APCE at 1.43 V (vs. RHE) is 0.69%, much smaller than that at AM 1.5. More than 98% of the photo-generated holes have already decayed by 6 ms, suggesting that electron-hole recombination is the main efficiency limiting factor under our experimental conditions. Furthermore, while the APCE increases with the applied bias (from 0.90 to 1.43 V vs. RHE), the TA kinetics of holes up to 6 ms show negligible biasdependence, suggesting that the catalytic activity of the electrodes is determined by holes with lifetimes longer than 6 ms.
